Hurler syndrome) is a congenital deficiency of ␣-L-iduronidase, leading to lysosomal storage of glycosaminoglycans that is ultimately fatal following an insidious onset after birth. Hematopoietic cell transplantation (HCT) is a life-saving measure in MPS IH. However, because a suitable hematopoietic donor is not found for everyone, because HCT is associated with significant morbidity and mortality, and because there is no known benefit of immune reaction between the host and the donor cells in MPS IH, gene-corrected autologous stem cells may be the ideal graft for HCT. Thus, we generated induced pluripotent stem cells from 2 patients with MPS IH (MPS-iPS cells). We found that ␣-L-iduronidase was not required for stem cell renewal, and that MPS-iPS cells showed lysosomal storage characteristic of MPS IH and could be differentiated to both hematopoietic and nonhematopoietic cells. The specific epigenetic profile associated with dedifferentiation of MPS IH fibroblasts into 
Introduction
The seminal insight that cells with 2 different enzyme deficiencies can functionally complement each other 1 made possible the use of allogeneic hematopoietic cell transplantation (HCT) to correct the biochemical and clinical phenotype of several fatal nonmalignant enzymatic deficiency disorders, including Hurler syndrome (mucopolysaccharidosis type I-Hurler, MPS IH). 2 In MPS IH the deficiency of ␣-L-iduronidase (IDUA) results in the toxic accumulation of glycosaminoglycans (GAG) heparan sulfate and dermatan sulfate. This in turn leads to progressive cellular and multiorgan dysfunction in viscera, bone, connective tissue, and brain. Untreated, early death is observed usually between 5 and 10 years of age. 3 The sole agent needed for MPS IH correction is the missing IDUA, which after secretion and intercellular transfer is taken up by IDUA-deficient cells through receptor-mediated endocytosis. Weekly doses of intravenous IDUA have been used for mild forms of MPS I. However, because IDUA does not cross the blood-brain barrier efficiently, enzyme replacement therapy alone is not indicated for the severe form of IDUA deficiency, MPS IH. 4 Allogeneic HCT, in contrast, leads not only to donor hematopoietic engraftment and systemic expression of IDUA but also to donor myeloid cells crossing the blood-brain barrier and correcting IDUA deficiency in the brain. [5] [6] [7] [8] Although HCT is a life-saving measure in MPS IH, a suitable HCT donor is not found for everyone. To achieve a cure, children with MPS IH must survive both the disease and its therapy because allogeneic HCT is associated with significant morbidity and mortality from physical and immune injury by both the myeloablative conditioning regimen and the transplantation of an immunologically matched allogeneic cellular graft. [9] [10] [11] In contrast to some malignancies, 12 in patients with congenital enzymopathies there is no known benefit of immune reaction between the host and the donor cells.
Patient-specific stem cells, such as recently identified induced pluripotent stem (iPS) cells, [13] [14] [15] present an opportunity to use the hematopoietic progeny of gene-corrected autologous cells clinically in a way that may preclude the immunologic complications of allogeneic HCT. Induction of iPS cells from patients with MPS IH may also provide a means of better understanding the sequence of downstream events initiated by IDUA deficiency in the most immature human cell type available. With such data, we would be able to model the cellular interactions among various cell types derived from the same IDUA-deficient iPS culture and thereby also develop new treatment approaches that could be used alone or with HCT.
Here, we show that iPS cells can be obtained from patients with MPS IH (MPS-iPS cells) and that their therapeutic transgenesis is possible. We report that the MPS-iPS cells can be derived from both keratinocytes and bone marrow mesenchymal stromal cells (MSCs). MPS-iPS cells can be differentiated to both hematopoietic and nonhematopoietic cells. The specific epigenetic profile associated with de-differentiation of MPS IH fibroblasts into MPS-iPS cells is maintained when MPS-iPS cells are gene-corrected with virally delivered IDUA. These data underscore the potential of MPS-iPS cells in modeling MPS IH in the development and future use of gene-corrected MPS-iPS cells to generate autologous hematopoietic grafts as well as generating nonhematopoietic cells with the potential to treat anatomical sites not fully corrected with HCT.
Methods

Patients
After obtaining consent in accordance with the Declaration of Helsinki as approved by the Institutional Review Board of the Human Subjects Committee at the University of Minnesota, skin or marrow cells were collected from healthy volunteers and from patients with MPS IH. Detailed methods describing isolation of keratinocytes and MSCs are included as supplemental Materials (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
iPS cells
Four reprogramming factors, OCT4, SOX2, KLF4, and c-MYC were used to produce retroviral supernatants. Each of the viral supernatants was produced by transfecting 293T/17 cells with the use of Lipofectamine 2000 (Invitrogen) with 3 plasmids: one cargo plasmid (containing the reprogramming gene), a plasmid expressing the VSV-G envelope gene, and a helper plasmid with the retroviral Gag/Pol gene. The plasmids were obtained from Addgene (www.addgene.org). Forty-eight to 72 hours after transfection, viral supernatants were harvested, centrifuged at 400g for 15 minutes, and filtered through a 0.45-m filter. Viral supernatant containing the IDUA gene was produced by transfecting 293T/17 cells with 3 plasmids: one cargo plasmid containing the IDUA gene, the pMDG plasmid expressing the envelop gene and a helper plasmid with the Gag/Pol gene. The supernatant was collected as described earlier and concentrated 100-fold with the use of high-speed centrifugation. Approximately 50 000 keratinocytes or 100 000 MSCs per well of a 6-well plate were plated and infected with a 1:1:1:1 mix of retroviral supernatants of pMIG containing OCT4, SOX2, KLF4, and c-MYC in the presence of 5g/mL protamine sulfate. Transduction consisted of a 45-minute exposure to the virus at 1800 rpm at room temperature; supernatants were left in contact with the cells for 24 hours at 37°C and 5% CO 2 . The next day, cells were exposed to the virus at 1800 rpm for a second time. Cells were placed in plates coated with the use of a Coating Matrix Kit (Cascade Biologics) and maintained in keratinocyte medium (EpiLife Medium, Cascade Biologics; 0.06mM calcium chloride, plus Human Keratinocyte Growth Supplement) at 37°C, 5% CO 2 . Five days later, cells were trypsinized and seeded onto feeder layers of irradiated CF1 murine embryonal fibroblasts (MEFs). After 24 hours, medium was changed to human embryonic stem (ES) cell medium, consisting of Dulbecco minimal essential medium (DMEM)/F12 (Invitrogen) supplemented with 10% KnockOut Serum Replacement (Invitrogen), 2mM GlutaMAX (Invitrogen), 50M 2-mercaptoethanol (Invitrogen), 1X nonessential amino acids (Invitrogen), 50 U/mL penicillin, 50 mg/mL streptomycin, and 10 ng/mL basic fibroblast growth factor (R&D Systems). Cultures were maintained at 37°C, 5% CO 2 , with daily medium changes. Starting 1 week after plating onto MEFs, medium was supplemented with 1M PD0325901 and 1M CT 99 021 (both from Stemgent) for 1 week. Colonies were picked based on structure 30-60 days after the initial infection.
We identified iPS cell colonies with the use of live staining with TRA-1-60 antibody (1:400; Millipore) and secondary antibody Alexa 488-conjugated anti-mouse immunoglobulin M (1:400; Invitrogen) diluted in human ES medium and added into the culture plate. The plate was incubated at 37°C for 1 hour before medium was changed to fresh conditioned medium. TRA-1-60 ϩ colonies were identified under a fluorescence microscope (Leica DMI6000B). To confirm that the iPS cells were not contaminated with donor cells, competitive polymerase chain reaction (PCR) analysis of variable tandem repeat regions was performed as described. 16 To confirm their cellular phenotype, the iPS cells were fixed with 4% paraformaldehyde for 20 minutes. If nuclear permeation was needed, cells were treated with 0.2% Triton-X (Sigma) in PBS for 30 minutes, blocked in 3% bovine serum albumin in PBS for 2 hours, and incubated with primary antibody overnight at 4°C. Antibodies targeting the following antigens were used: TRA1-60 (MAB4360, 1:400), TRA1-81 (MAB4381, 1:400), SSEA4 (MAB4304, 1:200), and SSEA3 (MAB-4303, 1:200), all from Chemicon; OCT3/4 (AB27985, 1:200), SOX2 (AB5603, 1:500), both from Abcam; and NANOG (EB068601:100) from Everest. Cells were incubated with secondary Alexa Fluor Series antibodies (all 1:500; Invitrogen) for 2 hours at room temperature and then with 4,6-diamidino-2-phenylindole (1 g/ mL; Invitrogen) for 10 minutes. Images were examined with a Leica DMI6000B microscope equipped with Q-Imaging Retiga 2000R Camera and Q-Capture software. Direct alkaline phosphatase activity was analyzed per the manufacturer's recommendations (Millipore).
Reverse transcription PCR
RNA was isolated with a GenElute Mammalian Total RNA Miniprep Kit (Sigma) and treated with TURBO DNA-free (Ambion) to remove genomic DNA. First-strand cDNA was synthesized with a Superscript III First Strand Synthesis SuperMix for quantitative reverse transcription PCR (Invitrogen). RT-PCR was performed with TaqMan Gene Expression Assays (list follows) and TaqMan Universal PCR Master Mix, No AmpErase UNG (Applied Biosystems) per the manufacturer's protocol.
TaqMan Gene Expression Assays were as follows: GAPDH Hs 99999905_m1; POU5F1 00999634_gH; SOX2 00602736_s1; NANOG 02387400_g1; KLF4 00358836_m1; MYC 00153408_m1; LIN28 00702808_s1; REX01 00810654_m1; ABCG2 01053790_m1; DNMT3 01003405_m1; IDUA 00164940_m1, brachyury 00610080_m1, TAL-1 01097987_m1, GATA-2 00231119_m1, CD34 00156373_m1, CD38 00277045_m1 with GAPDH 99999905_m1 used as an endogenous control.
Exogenous and total levels of OCT4 and SOX2 were determined as described 17 with the use of the following primers: OCT4 Endo Forward, CCTCACTTCACTGCACTGTA; OCT4 Endo Reverse, CAGGTTTTCTT-TCCCTAGCT; OCT4 Total Forward, AGCGAACCAGTATCGAGAAC; OCT4 Total Reverse, TTACAGAACCACACTCGGAC; SOX2 Endo Forward, CCCAGCAGACTTCACATGT; SOX2 Endo Reverse, CCTCCCATT-TCCCTCGTTTT; SOX2 Total Forward, AGCTACAGCATGATGCAGGA; and SOX2 Total Reverse, GGTCATGGAGTTGTACTGCA.
Expression levels were measured in duplicate. For genes with expression below the C T fluorescence threshold, the C T was set to 40 to calculate the relative expression. Analysis and subsequent calculations were done with the use of an ABI PRISM 7500 sequence detection system (Applied Biosystems).
Bisulfite genomic sequencing
Genomic DNA was isolated with a PureLink Genomic DNA Mini Kit (Invitrogen). Bisulfite treatment was done with an EpiTect Bisulfite kit (QIAGEN). Converted DNA was PCR-amplified with OCT4-specific primer sets and NANOG-specific primer sets. 18 PCR products were gel purified with a PureLink Quick Gel Extraction and PCR Purification Combo Kit (Invitrogen) and cloned into bacteria with the use of the TOPO TA Cloning Kit for Sequencing (Invitrogen).
In vitro differentiation
For hematopoietic differentiation, embryoid bodies produced by confluent cultures were harvested by enzymatic dissociation with Accutase (Millipore) to single cells, which were seeded to AggreWell plates (StemCell Technologies) according to the manufacturer's recommendations. Cells were differentiated for 1 day in basic embryoid body (EB) medium, containing KnockOut DMEM (Invitrogen) supplemented with 20% fetal bovine serum (FBS), 0.1mM nonessential amino acids (Invitrogen), 0.1mM
, 50g/mL ascorbic acid (Sigma-Aldrich), and 200g/mL Human holoTransferrin (Sigma-Aldrich). After 24 hours, EBs were transferred to low-attachment dishes, and human stem cell factor (300 ng/mL), human Flt3-ligand (300 ng/mL), human interleukin-3 (10 ng/mL), human interleukin-6 (10 ng/mL), granulocyte-colony stimulating factor (50 ng/mL), and human bone morphogenetic protein 4 (50 ng/mL) were added to the cultures (all from R&D Systems). EBs were collected at different time points and dissociated into single cells for further characterization by flow cytometric analysis, RT-PCR, and colony-forming unit (CFU) assays. For the CFU assays, cells were placed in human methylcellulose-enriched media (R&D Systems), and colonies were enumerated 14 days later. Cytospins were stained with Wright's stain to identify differentiated cells within the CFU colonies.
In vivo differentiation
For teratoma formation, NOG young adult mice were injected with 1 million cells resuspended in mixture of DMEM/F12, Matrigel, and collagen (ratio, 2:1:1; 40 L per mouse) into the right quadriceps muscle with the use of a 29-gauge needle attached to a 0.3-mL insulin syringe. Tumors were harvested in 4-8 weeks, sectioned, and stained with hematoxylin-eosin.
Correction of the human iPS cells
The human IDUA cDNA was amplified with PfuUltraHigh-Fidelity DNA Polymerase (Stratagene) supplemented with 1X Q Solution (QIAGEN) under the following conditions with the use of primers that incorporated a 5Ј AgeI and 3Ј SalI restriction endonuclease site: 95°C for 5 minutes, 34 cycles of 95°C for 45 seconds, 56.5°C for 45 seconds, and 72°C for 2 minutes. The PCR product was gel-purified (QIAGEN), digested with AgeI and SalI (New England BioLabs), and ligated into the pSin-EF2-Sox2 Puro plasmid obtained from Dr Robert Hawley, George Washington University via Addgene with the use of T4 DNA ligase (Invitrogen). The IDUA lentiviral supernatant was added to the human iPS cultures in the presence of 8g/mL protamine sulfate and placed at 37°C, 5% CO 2 overnight. These cells were expanded, and individual colonies were tested for enzymatic activity. A colony that was positive for IDUA activity was expanded, and this line was used for subsequent experiments. Linearamplification-mediated PCR was performed to identify IDUA transgene integration sites in the genome of the iPS cells as described. 19 
Quantification of GAGs and IDUA activity
Human iPS cells were removed from the MEF (mouse embryonal fibroblast) cells by incubating at 37°C in a buffer containing 10mM EDTA (ethylenediaminetetraacetic acid) and HBSS (Hanks balanced salt solution), pelleted down by centrifugation at 1000g for 5 minutes, and lysed with extraction buffer (20mM Tris [tris(hydroxymethyl)aminomethane] pH 8.0, 150mM NaCl, 0.2% Triton X-100, and 5mM EDTA) by a 15-minute incubation at 37°C. Proteinase-K and Rnase-A (Invitrogen) were added to lysates at final concentrations of 250g/mL and incubated at room temperature for 2 minutes, followed by a 20-minute incubation at 55°C. Soluble GAG was measured by combining lysate with an association reagent containing 32 mg/L, 1,9-Dimethylmethylene blue chloride (DMMB; Polysciences), 0.2M GuHCl, 5% ethanol, 0.2% formic acid, and 2 g/L sodium formate (Thermo Fisher Scientific Inc). GAG-DMMB complex was pelleted by centrifugation at 15 000g for 15 minutes, supernatant was discarded, and GAG-DMMB pellets were solubilized in 1.0 mL of 50mM sodium acetate pH 6.8, 10% 1-propanol, and 4M GuHCl (Thermo Fisher Scientific Inc). Absorbence was read at 656 nm (DMMB) and 540 nm (background) with the use of a Synergy 2 plate reader (BioTek) and normalized to genomic DNA absorbance (measured at 260 nm).
For IDUA activity measurements, cells were pelleted and lysed in Reporter Lysis Buffer (Promega), and IDUA enzymatic activity was assessed with 4-methylumbelliferyl ␣-L-iduronide as the substrate (NBS Biological Ltd).
Data analysis
Differences between measurements were evaluated with the Student t test, with P values Ͻ .05 considered significant.
Results
MPS-iPS cells can be generated from both keratinocytes and MSCs
To increase the likelihood of successful induction of iPS cells from a limited amount of human tissue, we isolated skin keratinocytes (KCs) and bone marrow MSCs from 2 boys with MPS IH who had received an allogeneic HC transplant (Table 1) . KCs, obtained from a 3-mm skin plug, were chosen because they have been used extensively for this purpose 20 and are often preferred because human KCs reprogram faster than human fibroblasts. 21 The cultured primary KCs had a characteristic cobblestone appearance and expressed KC-specific cytokeratin 5 (supplemental Figure 1A -B). MSCs were obtained from bone chips removed during an orthopedic procedure for dysostosis multiplex, which required surgical correction. MSCs were chosen because they may be more permissive to reprogramming than fully differentiated somatic cells because of their capacity to widely differentiate into distinct cell types within mesodermal lineage. [22] [23] [24] To further define their phenotype, expression of surface markers was assessed by flow cytometry: MSCs were positive (Ͼ 95%) for CD13, CD29, CD73, CD90, CD105, and CD166; and negative (Ͻ 1%) for CD11b, CD19, CD30, CD31, CD34, CD43, CD45, and OCT3/4 (data not shown). To formally show oligopotency of the MSCs derived from our patient with MPS IH, we have induced the MPS-MSCs to acquire in vitro cell phenotypes of osteocytes, adipocytes, and chondrocytes (supplemental Figure 1) . Because donor bone marrow and umbilical cord blood cells can engraft in nonhematopoietic tissues after HCT, 25, 26 we wanted to determine whether donor wild-type cells were present in our KC and MSC cultures. Consistent with the notion that such donor chimerism occurs mainly in the setting of tissue injury or graft-versus-host disease, 25, 26 that was not present in our patients, we were unable to detect any IDUA enzymatic activity by 4-methylumbelliferyl ␣-L-iduronide chromatographic assay in any MPS-KCs and MPSMSCs (data not shown).
To Figure 1N ). Both MPS-KC-and MPS-MSCderived MPS-iPS cells from the 2 patients had normal male karyotype as determined by high-resolution chromosomal G-banding (supplemental Figure 5) . In further support of a lack of contamination from donor cells after HCT, MPS-iPS cells derived from either MPS-KCs or MPS-MSCs were fully host-derived when assessed by competitive PCR of variable number tandem repeats (data not shown). Collectively, the transcription profile and cellular phenotype of MPS-iPS cells from both patients were consistent with structural and phenotypical gain of pluripotency. Total GAG content, a hallmark of the biochemical defect in MPS IH, in unsorted cultures of MPS-iPS was significantly elevated compared with wild-type iPS cells (Figure 2 ).
Gene correction on MPS-iPS cells
To achieve the high levels of IDUA expression sufficient for phenotypic rescue in patients with MPS IH after allogeneic HCT, 30 P1 MPS-iPS cells were transduced with lentivirus harboring wild-type human IDUA gene and green fluorescent protein for tracking purposes. Three corrected iPS cell clones were generated: one from P1 (IDUA-corrected keratinocyte-derived iPS cells) and 2 from P2 (IDUA-corrected keratinocyte-derived iPS cells and IDUA-corrected MSC-derived iPS cells). Two weeks after transduction, ϳ 75% of MPS-iPS cells expressed green fluorescent protein (data not shown). Linear-amplification-mediated-PCR analysis showed lentiviral-mediated integration of the IDUA transgene in iPS cells (hematopoietically differentiated, as described in "MPSiPS cells differentiate into both nonhematopoietic and hematopoietic cells") from both patients with MPS IH. 19 Of note, none of the integrants appear to interfere with the function of known tumor suppressor genes, oncogenes, or genes operational in cell cycle and proliferation (supplemental Table 1 ). IDUA mRNA expression in unsorted cultures of IDUA-transduced MPS iPS cells was significantly higher than in wild-type IDUA iPS cells: nontransduced MPS iPS versus wild-type iPS cells (0.5 Ϯ 0.05 vs 1.9 Ϯ 0.05; P Ͻ .05) and MPS iPS versus gene-corrected MPS iPS cells (0.5 Ϯ 0.05 vs 8.5 Ϯ 0.8; P Ͻ .05). Corresponding IDUA activity also was higher in gene-corrected versus noncorrected MPS iPS cells: (18.4 Ϯ 0.29 vs 2.7 Ϯ 0.09 nmol/mg/h, respectively; P Ͻ .05) and was ϳ 2 times higher than wild-type IDUA levels (wild-type iPS vs gene-corrected MPS-iPS cells; 9.5 Ϯ 0.16 vs 18.4 Ϯ 0.29 nmol/mg/ h; P Ͻ .05).
MPS-iPS cells differentiate into both nonhematopoietic and hematopoietic cells
To provide further evidence of the identity of iPS cells on a functional level, MPS-iPS cells were injected intramuscularly into immune-deficient mice. Within 6-8 weeks well-differentiated cystic teratomas were observed, confirming the phenotype-defining ability of iPS cells to differentiate in vivo into cells of ectodermal, mesodermal, and endodermal origins (Figure 3) .
One of the mesodermal lineages, hematopoietic, is directly relevant to our ultimate goal of generating gene-corrected cells for autologous HCT. To test the hematopoietic potential of the MPS-iPS cells, EBs were generated ( Figure 4A ) and were enzymatically dissociated into single cells. After seeding in low-attachment dishes, cells were induced to differentiate in medium containing human hematopoietic growth factors: stem cell factor, Flt3-ligand, interleukin-3, interleukin-6, granulocyte-colony stimulating factor, and bone morphogenetic protein 4. At different time points differentiated cells were examined for expression of panhematopoietic marker CD45 for and an antigen found on progenitor hematopoietic cells, CD34. There was no significant difference in CD34 and CD45 expression by hematopoietic progeny of wild-type iPS cells, MPS IH iPS cells, and IDUA-corrected iPS cells ( Figure 4B ). GAG levels in the hematopoietic cells derived from IDUA-corrected iPS cells showed a decreasing trend, albeit not significant, compared with the hematopoietic cells derived from MPS IH iPS cells (uncorrected vs IDUA-corrected, mean Ϯ SEM, 23.5 Ϯ 0.7 vs 16.9 Ϯ 4.6, P ϭ .2). To further delineate this mesodermal-to-hematopoietic transition, we assessed the expression profile of these cells and compared them with undifferentiated iPS cells. Differentiated MPS-iPS cells (and wild-type iPS cells) expressed mesodermal markers (eg, brachyury), transcription factors consistent with commitment to the hematopoietic lineage (eg, GATA-1 binding partner stem cell leukemia/TAL-1 and GATA-2), and surface antigens associated with both hematopoietic stem cells (HSCs; eg, CD34) and differentiated HSCs (eg, CD38; Figure  4C -D). Compared with CD34 ϩ cord blood cells, expression levels of 2 of the genes assessed (brachyury and CD38) were not statistically different in hematopoietic progeny from either wildtype or gene-corrected MPS iPS cells. These data also suggest that the hematopoietic progeny cells of iPS cells are not homogenous, but rather the expression patterns reflect both mesodermal and hematopoietic cells at different stages of lineage commitment.
Critically, the methylation pattern of the gene-corrected MPSiPS cells induced to acquire hematopoietic phenotype has reverted from largely unmethylated chromatin of iPS cells into a more methylated one characteristic of differentiated cells with quiescent OCT4 and NANOG genes ( Figure 5A ). This is consistent with the expected progressive loss of the pluripotent state with differentiation and maintenance of the physiologic differentiation profile in gene-corrected MPS iPS cells. To further define the commitment of the cells expressing hematopoietic surface antigens to hematopoietic lineage, their capacity to function as CFUs was evaluated. When plated in semisolid medium, both erythroid and myeloid colonies formed (Figure 5B-C) . The colony-forming capacity of the hematopoietic progeny of MPS-iPS cells and IDUA-corrected iPS cells was comparable to the colony-forming capacity of the For personal use only. on January 14, 2018. by guest www.bloodjournal.org From hematopoietic progeny of wild-type iPS cells ( Figure 5B ). Although not equal to the colony-forming ability of wild-type bone marrow ( Figure 5B), these results support the recent observations of others 31 who noted early senescence of iPS cell-derived hemangioblastic derivatives. Importantly, our data indicate that IDUA deficiency does not result in a cellular state that is less permissive to hematopoietic differentiation than that of wild-type iPS cells, confirms that transgenesis of MPS-iPS cells with IDUA is feasible, with both MPS-iPS cells and IDUA-corrected iPS cells able to differentiate into cells with hematopoietic potential.
Discussion
To our knowledge these are the first data to report that autologous iPS cells can be obtained from patients with MPS IH. We found that iPS cells can be generated from skin and stromal bone marrow cells of patients with MPS IH. These MPS-iPS cells can be genecorrected and induced to differentiate into hematopoietic and 
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For personal use only. on January 14, 2018. by guest www.bloodjournal.org From nonhematopoietic cells. Our observation that the MPS-iPS cells have significantly higher GAG accumulation compared with wildtype iPS cells is consistent with the current view that the pathogenic cascade resulting from the IDUA gene lesion is established early in prenatal development. Thus, early intervention before the damage becomes irreversible and profound may provide the best outcome in patients with MPS IH. This is highly relevant because neonatal screening for mucopolysaccharidoses, which is rapidly expanding in multiple countries, may increase the demand for early HCT and, along with it, its delivery with minimal treatment-related morbidity and mortality in the affected newborns. In the future, gene-corrected MPS-iPS cells could be used not only to generate an autologous hematopoietic graft but also to generate nonhematopoietic cells with the potential to treat anatomical sites, such as heart valves, not optimally corrected by successful and life-saving HCT. Individually or together, these 2 strategies have the potential to decrease the complications observed with allogeneic HCT and to result in improved survival and quality of life for patients with MPS IH and other lysosomal storage diseases.
In addition, MPS-iPS cells provide a novel model system to study pathogenesis of MPS IH and related disorders, 27 and can be obtained from both skin cells and bone marrow stromal cells with comparable efficiency. Compared with studies of differentiated human cells and in animal models of MPS IH, iPS cell studies have the added benefit of offering the opportunity for a more extensive analysis of the cellular effects of IDUA deficiency independent of the secondary effects of GAG on systemic inflammatory responses. Because nearly all cell types can be derived from the iPS cells, iPS cells may have advantages over animal models, which are confounded by the obvious differences in development, lifespan, and species-specific consequences of cellular pathology in numerous tissue types affected by IDUA deficiency. 32, 33 We also show that the imbalance between production and clearance of unprocessed GAG is evident already in the ES cell-like MPS-iPS cells. Although IDUA deficiency and GAG excess are the initiating factors of MPS IH phenotype, 34 subsequent to this impairment changes in numerous structural and signaling molecules are altered. It is the signal amplification through these pathways that underlies the varied and tissue-specific pathology in MPS IH, 35 indicating that many of the consequences of IDUA deficiency are not cell autonomous. 36, 37 Related to this, one of the main physiologic roles of the lysosome, which is engaged in autophagosomal and proteosomal processes as a functional component of the endosomal-lysosomal system, is recycling of degraded macromolecules, such as GAG and proteoglycans. Experimental evidence suggests that a deficiency of IDUA hydrolase activity, accompanied by GAG storage in MPS IH and other lysosomal storage disorders, results in a state of a "sick lysosome." 38 As a result, the MPS IH is not purely a state of overabundance (of GAGs) but also-because of impaired recycling of macromolecules-a state of scarcity. 35 Interestingly, in contrast to other congenital disorders, such as those affecting DNA repair genes in Fanconi anemia, 29, 39 IDUA does not appear to be necessary for stem cell self-renewal and generation of iPS cells.
Recently iPS cells from several mouse models of lysosomal storage disorders have been described, 40 but induction of iPS cells from human cells has been reported to date for only one human lysosomal storage disorder, type III Gaucher disease. 27 There are Ն 2 potential critical advantages of HSC derivation from genetically corrected iPS cells instead of gene correction of autologous HSCs. First, transgenesis of iPS cells, especially with nonviral means, is easier than that of HSCs, which are sensitive to ex vivo manipulations. Second, because the iPS cells are more robust, they are more amenable to the longer-term culture needed for full molecular definition of gene-corrected iPS cells and elimination of cells with potentially unsafe genotoxic events. In a conceptually different line of experimentation, murine erythroleukemia cells, and HSCs and hematopoietic progenitor cells from genetically engineered IDUA-deficient mice have been transduced with lentivirus harboring an expression cassette, in which the expression of IDUA gene is regulated by erythroid-specific promoter. This phenotypic change of erythroid cells, 41 distinct from the induction of pluripotency in the form of human MPS-iPS cells reported in our study, provides further evidence that cell fates of differentiated cells are malleable, that transplanted cells need not be stem cells per se to be useful, and that high IDUA expression from various donor cells, including erythroid cells and HSCs and their progeny, can functionally complement IDUA deficiency in the recipient.
The potential benefits of gene-corrected progeny of iPS cells need not be limited to the hematopoietic lineage. Some of the tissue-specific manifestations of MPS IH in cardiovascular, nervous, and skeletal systems persist even after full hematopoietic donor engraftment after allogeneic HCT, presumably because of the restricted distribution of IDUA from the donor hematopoietic graft. In this respect, it will be a major challenge for future work to use diverse cellular progeny of the MPS-iPS cells to study interactions of distinct in vitro-derived cell populations from the same MPS-iPS culture, such as MSC-hematopoietic stem cell, osteocyte-chondrocyte, or glia-neuron, and then to transform this knowledge into therapeutic targeting of tissues (such as bone, cartilage, heart valve, and brain) partially resistant to correction with the current standard allogeneic HCT. 42, 43 The complexity of MPS IH, as evidenced by the plethora of biochemical events downstream of the IDUA lesion and by the varied phenotypes of human disease, is perhaps matched by the versatility and promise of iPS cell technology. An unresolved question, however, is whether the potential risks of iPS cellderived therapy, such as those related to (1) genotoxicity of reprogramming with the use of ES cell-specific transcription factors and using viral vectors for gene augmentation of mutated genes, 44 (2) fidelity of acquisition and maintenance of pluripotent phenotype and lineage-specific cell fates, and (3) cell purity of the on-demand differentiated iPS cell progeny in the absence of undifferentiated and potentially tumorigenic iPS cells, can be minimized or avoided altogether. Nevertheless, even at present MPS-iPS cells offer a new model of MPS IH disease and may help to understand pathogenic cascades underlying the inherent complexity of MPS IH, including the effect of normal and aberrant GAGs and GAG-containing proteoglycans, which have pivotal roles in cell growth, differentiation, and tissue pattern formation. [45] [46] [47] These insights, and the use of the cellular progeny of gene-corrected autologous MPS-iPS cells, present an opportunity for future 
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